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A protein complex containing Inscuteable and the Gα-binding
protein Pins orients asymmetric cell divisions in Drosophila
Matthias Schaefer*, Anna Shevchenko†, Andrej Shevchenko† and
Juergen A. Knoblich*
Background: In the fruit fly Drosophila, the Inscuteable protein localises to the
apical cell cortex in neuroblasts and directs both the apical–basal orientation of
the mitotic spindle and the basal localisation of the protein determinants Numb
and Prospero during mitosis. Asymmetric localisation of Inscuteable is initiated
during neuroblast delamination by direct binding to Bazooka, an apically
localised protein that contains protein-interaction motifs known as PDZ domains.
How apically localised Inscuteable directs asymmetric cell divisions is unclear.
Results: A novel 70 kDa protein called Partner of Inscuteable (Pins) and a
heterotrimeric G-protein α subunit were found to bind specifically to the
functional domain of Inscuteable in vivo. The predicted sequence of Pins
contained tetratrico-peptide repeats (TPRs) and motifs implicated in binding
Gα proteins. Pins colocalised with Inscuteable at the apical cell cortex in
interphase and mitotic neuroblasts. Asymmetric localisation of Pins required
both Inscuteable and Bazooka. In epithelial cells, which do not express
inscuteable, Pins was not apically localised but could be recruited to the apical
cortex by ectopic expression of Inscuteable. In pins mutants, these epithelial
cells were not affected, but neuroblasts showed defects in the orientation of
their mitotic spindle and the basal asymmetric localisation of Numb and Miranda
during metaphase. Although localisation of Inscuteable in pins mutants was
initiated correctly during neuroblast delamination, Inscuteable became
homogeneously distributed in the cytoplasm during mitosis.
Conclusions: Pins and Inscuteable are dependent on each other for
asymmetric localisation in delaminated neuroblasts. The binding of Pins to Gα
protein offers the intriguing possibility that Inscuteable and Pins might orient
asymmetric cell divisions by localising or locally modulating a heterotrimeric
G-protein signalling cascade at the apical cell cortex.
Background
Some cells can divide asymmetrically by segregating
determinants into one of their two daughter cells during
mitosis. Drosophila neuroblasts, the precursors of the
central nervous system (CNS), arise from polarised epithe-
lial cells in the ventral neuroectoderm. Shortly after
delamination from the epithelium, they undergo several
rounds of asymmetric cell division along the apical–basal
axis. They divide into a larger apical neuroblast, which
retains the potential to divide in a stem-cell-like fashion,
and a smaller basal ganglion mother cell which divides
only once more to produce two neurons. During neuro-
blast division, the proteins Numb [1–4], Prospero [1,5,6],
Pon [7], Staufen [8,9] and Miranda [10,11] localise in a
basal cortical crescent at the onset of mitosis. During
telophase, these proteins are segregated into the ganglion
mother cell where they cooperate to establish the correct
cell fate. Both the asymmetric localisation of these pro-
teins and the correct orientation of the mitotic spindle in
neuroblasts require Inscuteable, a protein of 859 amino
acids with no overall homology to other proteins [12,13].
Inscuteable is not present in epithelial cells, but is first
detected in a stalk that extends into the epithelial cell
layer during neuroblast delamination. In fully delaminated
neuroblasts, Inscuteable forms a crescent at the apical cell
cortex that is maintained until metaphase of the first
mitosis, but begins to disappear in anaphase. 
In inscuteable mutants, mitotic spindles in neuroblasts fail
to rotate into an apical–basal orientation [14] and neuro-
blasts divide in random orientations [13]. Numb, Pros-
pero, Miranda and Pon are still asymmetrically localised in
most neuroblasts in inscuteable mutants, but their crescents
form at random positions in the neuroblast cell cortex
[7,10,13]. Even though Inscuteable is normally not
expressed in epithelial cells, ectopic expression of
Inscuteable in these cells results in apical localisation of
the protein and triggers a reorientation of their mitotic
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spindles along the apical–basal axis [13]. Thus, Inscute-
able can act as a molecular switch for spindle orientation,
and directs and coordinates several events during asym-
metric cell division in neuroblasts. 
A deletion analysis of Inscuteable has revealed a central
domain known as the asymmetry domain, which is
required and sufficient for the known functions of Inscute-
able [15,16]. The PDZ-domain protein Bazooka binds to
the asymmetry domain in vitro and in vivo, and is required
for the asymmetric localisation of Inscuteable [17,18]. In
contrast to inscuteable, bazooka is expressed in epithelial
cells, where it localises apically and is required for
apical–basal polarity [19,20]. When neuroblasts delaminate,
Bazooka relocalises into the apical stalk and colocalises
with Inscuteable during delamination until anaphase of the
first cell cycle, when it becomes undetectable [17,18]. In
the absence of Bazooka, Inscuteable is localised in the
cytoplasm, neuroblasts divide with randomly oriented
mitotic spindles, and Numb, Miranda and Prospero fail to
localise asymmetrically during metaphase [17,18]. Thus,
Bazooka mediates the asymmetric localisation of Inscute-
able and connects asymmetric cell division in neuroblasts
to the axis of epithelial apical–basal polarity.
Using preparative immunoprecipitation and mass spec-
trometry, we have identified a novel 70 kDa protein called
Pins and a heterotrimeric G protein α subunit (Gα) as pro-
teins that bind specifically to the Inscuteable asymmetry
domain in vivo. Pins was found to colocalise with Inscute-
able in neuroblasts and to be required for maintaining the
asymmetric localisation of Inscuteable after delamination.
Our results show that Pins and Inscuteable are interde-
pendent for asymmetric localisation and are both required
for orienting asymmetric cell divisions in Drosophila neu-
roblasts. The fact that Pins contains three GoLoco
domains [21], which are thought to be modulators of Gα
signalling, and that it exists in a complex with Gα in vivo,
offer the intriguing possibility that a heterotrimeric
G-protein signalling cascade is involved in directing asym-
metric cell divisions in Drosophila.
Results
Pins and Gα bind to Inscuteable
We used preparative immunoprecipitation and mass spec-
trometry to identify proteins that bind specifically to the
Inscuteable asymmetry domain. A fusion protein between
β-galactosidase and the asymmetry domain
(Insc-cen–β-gal [16]) was ubiquitously expressed from the
promoter of the hsp70 gene in Drosophila embryos using
the UAS–GAL4 system [22], and immunoprecipitated
from embryo extracts using a monoclonal antibody to
β-galactosidase. A non-functional peptide fragment of
Inscuteable, expressed as a fusion protein with β-galactosi-
dase (Insc-04–β-gal), was used as control. Coimmunopre-
cipitating proteins were separated by SDS–polyacrylamide
gel electrophoresis (PAGE) and visualised by silver stain-
ing [23] (Figure 1a). Two proteins of approximately
70 kDa and 40 kDa (Figure 1a, red arrowheads) were
reproducibly coimmunoprecipitated with Insc-cen–β-gal,
but not with Insc-04–β-gal. Both proteins could also be
immunoprecipitated with Insc–03–β-gal, which contains
the membrane localisation domain of Inscuteable but fails
to localise asymmetrically (see the Discussion). 
The sequences of short peptide fragments of each of the
two proteins were determined using mass spectrometry
(Figure 1b and see Materials and methods). Database
searches revealed that the peptides obtained from the
70 kDa band belonged to a number of previously unchar-
acterised expressed sequence tags (ESTs). The full-
length sequence of the longest EST (Berkeley Drosophila
genome project clone LD33695) was determined, and
found to contain a single 1977 bp open reading frame,
which predicts a novel 72.5 kDa protein (Figure 2a) that
was named Pins (for ‘Partner of Inscuteable’). All six iden-
tified peptides were present in the predicted protein
sequence (Figure 2a, underlined sequences), and antibod-
ies generated against a fusion protein between Pins and
the maltose-binding protein (Pins–MBP) showed that Pins
was present in the Insc-cen–β-gal immunoprecipitations,
but not in the Insc-04–β-gal control (Figure 1c). We con-
clude that the 70 kDa protein is Pins.
Primary sequence analysis using the SMART tool [24]
(EMBL, Heidelberg) revealed seven tetratrico-peptide
(TPR) repeats [25] in the amino-terminal half of Pins,
whereas the carboxy-terminal half contained three GoLoco
domains, which have been implicated in binding and regu-
lating Gαi and Gαo proteins [21] (Figure 2a,b). Pins is the
apparent orthologue of LGN, a human protein identified
on the basis of an interaction with Gαi [26] and Gαo [27] in
a yeast two-hybrid screen. In addition, a predicted
Caenorhabditis elegans open reading frame (wormpep acces-
sion number F32A6.4) showed significant homology to
Pins (Figure 2b).
Two short peptide fragments of the 40 kDa protein could
be determined (see the Materials and methods). The
sequences occur in both the Drosophila Gαi protein
(Gα65A, Swissprot accession number P20353) and Gαo
protein (Gα47A, Swissprot accession number P16377), but
not in any other Drosophila protein or EST. Antibodies
that would allow us to distinguish between these two pro-
teins have been described [28,29], but are no longer avail-
able. Thus, we cannot currently determine whether the
40 kDa band is Drosophila Gαo or Gαi. To test for a direct
interaction between Inscuteable, Pins and Gαi/Gαo, we
performed in vitro binding assays. In vitro translated Pins
protein bound strongly to a fusion protein between glu-
tathione-S-transferase and the asymmetry domain of
Inscuteable (GST–Insc-cen), but not to GST alone
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(Figure 1d). Very weak binding was also detected
between both in vitro translated Gαi and Gαo and
GST–Insc-cen (data not shown). In contrast, both in vitro
translated Gαi and Gαo bound strongly to a Pins–MBP,
but not to MBP alone (Figure 1e). These results suggest
that the complex containing Inscuteable, Pins and
Gαi/Gαo forms as a result of a direct protein interaction
between Inscuteable and Pins, and between Pins and
Gαi/Gαo, even though the weak interaction between
Gαi/Gαo and Inscuteable may also contribute.
Pins localises asymmetrically in neuroblasts but not
epithelial cells
In situ hybridisation using a full-length pins probe revealed
that the gene is ubiquitously expressed until stage 12 of
embryonic development (data not shown). Expression was
slightly higher in neuroblasts and progressively restricted to
the CNS starting with stage 13. To determine the subcellu-
lar localisation of Pins, we generated mouse antibodies
against Pins–MBP and used them to stain stage 10
Drosophila embryos (Figure 3). In contrast to Inscuteable,
Pins protein was present in epithelial cells, where the
protein was concentrated at the cell cortex with no sign of
asymmetric localisation (Figures 3b,d, and 4d). In delami-
nating neuroblasts, Inscuteable protein is first detected in
an apical stalk that extends into the epithelial cell layer
(Figure 3a). Pins protein was concentrated in the stalk
during delamination (Figure 3b) and colocalised with
Inscuteable at the apical cell cortex in fully delaminated
neuroblasts (Figure 3c,d). This apical colocalisation of
Inscuteable and Pins was maintained through mitosis and,
in anaphase, both proteins disappeared and became 
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Figure 1
Identification of Pins and Gα protein as Inscuteable-binding proteins.
(a) Insc-cen–β-gal, Insc-03–β-gal or Insc-04–β-gal were expressed
from the hsp70 promoter in stage 10–12 Drosophila embryos. Protein
extracts were prepared (see Materials and methods) and subjected to
immunoprecipitation using antibody to β-galactosidase protein,
followed by SDS–PAGE and silver staining. White arrowheads,
Inscuteable–β-galactosidase fusion proteins. The lower part of the gel
is shown separately at higher contrast. Bands at 40 and 70 kDa (red
arrowheads) are visible in the Insc-cen–β-gal and Insc-03–β-gal lanes,
but not in the Insc-04–β-gal control. (b) The 70 kDa band was cut out
from the gel shown in (a), digested in-gel with trypsin and analysed by
mass spectrometry (see Materials and methods). A part of the mass
spectrum is shown. T, trypsin autolysis products; K, peptide ions
originating from contaminating human keratins. Tandem mass spectra
were acquired from the peptide ions highlighted by arrows. Inset, an
example of a tandem mass spectrum, acquired from a doubly charged
ion with m/z 408.6. Partial peptide sequence was determined from the
mass difference between adjacent fragment-ions containing the
carboxyl terminus of the peptide (y-ions). All sequenced peptides are
underlined in Figure 2a. (c) Immunoprecipitations using
Insc-cen–β-gal or Insc-04–β-gal were performed as in (a), separated
by SDS–PAGE, blotted and probed with mouse anti-Pins antibody.
Pins coprecipitated with Insc-cen–β-gal but not Insc-04–β-gal.
(d) In vitro translated full-length Pins bound GST–Insc-cen, but not
GST on its own. (e) Both in vitro translated Gαo and Gαi bound
MBP–Pins, but not MBP on its own.
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delocalised (Figure 3e,f) and were hardly detectable in
telophase. Thus, Inscuteable and Pins colocalise in neuro-
blasts from delamination to anaphase of the first cell cycle.
We and others have shown previously that Bazooka colo-
calises with Inscuteable in neuroblasts [17,18] but, in con-
trast to Inscuteable, Bazooka is also apically localised in
epithelial cells [19]. To compare the subcellular localisa-
tion of Pins with Bazooka, stage 10 embryos were stained
for Pins, Bazooka and DNA. Whereas Bazooka localises to
the apical cell cortex in epithelial cells (Figure 3g, filled
arrowhead), Pins was found around the cell cortex and no
apical concentration was observed in wild-type embryos
(Figure 3h, filled arrowhead). In neuroblasts, however,
Pins and Bazooka colocalised at the apical cell cortex
(Figure 3g,h; open arrowheads). Asymmetric localisation of
Pins was also observed in sensory organ precursor (SOP)
cells and epithelial cells of the procephalic neurogenic
region (PNR), which express inscuteable (data not shown).
Thus, Inscuteable, Bazooka and Pins colocalise in cells
that express inscuteable, such as neuroblasts, SOP cells and
cells of the PNR, but Pins does not colocalise with
Bazooka in epithelial cells, which do not express inscuteable.
Inscuteable directs apical localisation of Pins
To test whether Inscuteable is required for localisation of
Pins in neuroblasts, we stained inscuteable null mutants for
Pins and DNA (Figure 4a,b). Although cortical localisation
of Pins in epithelial cells was unchanged in inscuteable
mutants (data not shown), the concentration of Pins in the
stalk during delamination was not detected (Figure 4a).
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Figure 3
Subcellular localisation of Pins in neuroblasts and epithelial cells.
(a–f) Stage 10 embryos triple labelled for Inscuteable (Insc), Pins and
DNA. Inscuteable (green) and DNA (red) staining are shown in
(a,c,e), and Pins (green) and DNA (red) staining in (b,d,f). Bracket,
position of the neuroblast; asterisk, epidermal cells; open arrowhead,
apical neuroblast cortex. Apical is up and basal is down in this and all
other figures. (a,b) Although Inscuteable is not present in epidermal
cells, Pins was present in these cells, but not asymmetrically localised
(asterisk). During neuroblast delamination, both proteins colocalised in
the apical stalk (open arrowhead). (c,d) In metaphase neuroblasts, Pins
and Inscuteable colocalised at the apical cell cortex. (e,f) In anaphase
neuroblasts, both proteins started to disappear. (g,h) Embryos triple
labelled for Bazooka, Pins and DNA. Bazooka staining (green) is
shown in (g), Pins staining (green) in (h). Filled arrowhead, apical
cortex of epidermal cells; other symbols are as above. Whereas
Bazooka and Pins colocalised in neuroblasts (open arrowhead), they
did not colocalise in epithelial cells (filled arrowhead).
Figure 2
Sequence, domain structure and homology of Drosophila Pins.
(a) Deduced protein sequence of the EST LD33695 (Berkeley
Drosophila genome project). Underline, the six peptides identified by
mass spectroscopy; red, predicted TPRs; green, predicted GoLoco
domains. (b) Domain structure and homology of Pins, its human
orthologue LGN and the predicted C. elegans orthologue F32A6.4.
Red boxes, TPRs; green boxes, GoLoco domains. Sequence identity in
the TPR region and GoLoco domain is indicated.
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During mitosis, the protein failed to localise into an apical
cortical crescent in most neuroblasts and, instead, was
homogeneously distributed around the cell cortex
(Figure 4b). A few crescents were still detected, but they
were weak, their numbers strongly reduced (4.5 crescents
per embryo in inscuteableP72 embryos compared with 42
crescents per embryo in controls; n = 10) and they often
formed at incorrect positions. Localisation of Pins was also
analysed in bazookaRNAi mutants [17]. Like in inscuteable
mutants, asymmetric localisation of Pins was lost in these
mutants (data not shown), but some weak, randomly posi-
tioned crescents were still formed (4 neuroblast crescents
per embryo compared with 36 in control injected embryos;
n = 10). Thus, correct apical localisation of Pins in neuro-
blasts requires Inscuteable and Bazooka, although in the
absence of both proteins a minor fraction of neuroblasts
still exhibits asymmetric localisation of Pins.
Pins was not asymmetrically localised in epithelial cells,
which do not express inscuteable. To test whether ectopic
expression of inscuteable is sufficient to induce asymmetric
localisation of Pins in these cells, embryos that ubiqui-
tously express Insc-cen–β-gal were stained for Pins,
β-galactosidase and DNA (Figure 4e,f). Whereas Pins was
localised around the cell cortex in control embryos
(Figure 4d), ectopic expression of Insc-cen–β-gal resulted
in relocalisation of the protein to the apical cell cortex
(Figure 4f). Similar results were obtained with full-length
Inscuteable (data not shown). Even though Pins was also
found to bind to Insc-03–β-gal, ectopic expression of this
fragment did not have any effect on the subcellular locali-
sation of Pins (data not shown). We conclude that Inscute-
able is required and sufficient for Pins localisation
Pins is required for localisation of Inscuteable and
orientation of asymmetric cell divisions
To determine whether Pins has a role in asymmetric cell
division, we generated pins null mutants by imprecise
excision of a P element inserted near the pins gene
(Figure 5a,b; see the Materials and methods). The pins
null mutants were homozygous viable, suggesting that
maternal Pins protein is sufficient for all gene functions
until adulthood. The pins mutant phenotype was there-
fore analysed in embryos from homozygous mutant
females that lacked both maternal and zygotic gene func-
tion (we will call these pins mutant embryos). Even
though pins mutant embryos never hatched, no obvious
morphological defects were seen in these embryos.
Epithelial polarity, analysed by staining for the apically
localised proteins Armadillo and Bazooka, was found to be
unaffected up to stage 13 of embryonic development in
these mutants (data not shown), suggesting that Pins does
not function in epithelial cells. 
To analyse defects in asymmetric cell division, pins
mutant embryos were stained for β-tubulin and DNA
(Figure 5c,d), or for Miranda and DNA (Figure 5e,f).
Whereas in wild-type embryos 70% (n = 30) of mitotic
spindles in neuroblasts were oriented along the
apical–basal axis (Figure 5c), only 33% (n = 30) of pins
mutant neuroblasts showed apical–basal spindle orienta-
tion and spindles were frequently misoriented
(Figure 5d). Miranda localises in a basal cortical crescent
in wild-type embryos (Figure 5e). In pins mutants,
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Figure 4
Inscuteable is required and sufficient for Pins localisation.
(a,b) Homozygous inscP72 embryos [13] stained for Inscuteable (data
not shown), Pins and DNA. Bracket, position of the neuroblast. (a) Pins
failed to concentrate in the apical stalk (arrowhead) during neuroblast
delamination, and (b) did not form an apical crescent (arrowhead)
during metaphase in inscP72 mutant embryos. Similar observations
were made using insc22 embryos [54] (data not shown). (c–f) Heat-
shocked (c,d) control and (e,f) hs–Gal4, UAS–insc-cen–β-gal
embryos were triple stained for Pins, β-galactosidase and DNA. In
(c,e), β-galactosidase is in green and DNA in red; in (d,f), Pins is in
green and DNA in red. Filled arrowheads, apical epithelial cell cortex.
(d) Pins was localised around the cell cortex in control embryos.
(e,f) Upon ectopic expression of (e) Insc-cen–β-gal, (f) Pins
disappeared from the lateral cortex and relocalised to the apical cell
cortex. Note that the images in (d,f) were processed identically.
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Miranda localisation was abnormal: in many metaphase
neuroblasts, Miranda failed to localise asymmetrically or
the Miranda crescent formed at incorrect positions
around the cell cortex (Figure 5f). Similar results were
obtained for Numb (Figure 5g,h) and Pon (data not
shown). Thus, the absence of maternal and zygotic Pins
leads to defects that are very similar to those observed in
inscuteable mutants.
We also tested Inscuteable localisation in pins mutants by
double staining pins mutant embryos for Inscuteable and
DNA (Figure 5i–l). As in wild-type embryos, Inscuteable
was concentrated in the stalk during neuroblast delamina-
tion in pins mutants (Figure 5i, arrowhead). After delami-
nation, however, Inscuteable failed to form an apical
cortical crescent but relocalised into the cytoplasm instead
(Figure 5j) and, during mitosis, the protein was homoge-
neously distributed throughout the cytoplasm (Figure 5k).
Despite the localisation defect, however, Inscuteable
became degraded during anaphase (Figure 5l). We con-
clude that Pins is required for orienting asymmetric cell
divisions and that Pins and Inscuteable are interdepen-
dent for asymmetric apical localisation in neuroblasts.
Discussion
We and others have previously shown that the proteins
Bazooka and Inscuteable form an apically localised
complex in Drosophila neuroblasts and are required for the
correct orientation of asymmetric cell divisions [17,18].
Here, we report that, in addition to Bazooka, the novel
TPR-protein Pins and a G-protein α subunit bind to
Inscuteable in vivo. We found that, like Inscuteable and
Bazooka, Pins is required for spindle orientation and
correct asymmetric localisation of Numb and Miranda
during neuroblast mitosis. Thus, besides Inscuteable and
Bazooka, Pins is the third component of the molecular
machinery that directs and orients asymmetric cell divi-
sions in Drosophila neuroblasts.
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Figure 5
The pins mutants have defects in asymmetric
cell division. (a) The positions of the pins
cDNA (green arrow, the gap indicates an
intron), the predicted pins open reading frame
(black arrow) and the P element insertion used
to generate pins mutants (EP(3)3559,
indicated in red) were determined by
alignment to the bacterial artificial
chromosome (BAC) sequence AC019578
(Celera Genomics). The extent of the deletions
in pins∆50 and pins∆24 was determined by PCR
on DNA from homozygous mutant flies and is
indicated by the blue line (a dashed line
indicates uncertainty). Both deletions included
the start codon of Pins. (b) Protein extracts
from wild-type, homozygous pins∆50 and
homozygous pins∆24 mutant flies were blotted
and probed with mouse anti-Pins antibody.
Whereas a strong band was visible in the
control, no Pins protein could be detected in
pins mutants. Serial dilutions indicated that the
amount of Pins was at least 50-fold reduced in
pins mutants (data not shown). (c) Wild-type
and (d) pins∆50 mutant embryos were fixed
with methanol and stained for β-tubulin (green)
and DNA (red). Whereas mitotic spindles were
oriented along the apical–basal axis in (c) wild-
type embryos, they were frequently
misoriented in (d) pins mutants.
(e–h) Localization of (e,f) Miranda and (g,h)
Numb (green) in (e,g) wild-type embryos and
(f,h) pins mutants. In the wild type, both
proteins formed a basal crescent (arrowhead),
but in pins mutants, they were frequently not
asymmetrically localised or formed crescents
at incorrect positions (data not shown).
(i–l) Inscuteable expression (green) in pins∆50
mutant embryos. Brackets, positions of
neuroblasts; arrowheads, apical cell cortex.
During delamination, Inscuteable was correctly
localised into the apical stalk (i), but after
delamination, apical localisation of Inscuteable
was lost (j). The protein was homogeneously
distributed in the cytoplasm in metaphase
(k) and was degraded in anaphase (l).
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Establishment and maintenance of Inscuteable localisation
The asymmetric localisation of Inscuteable starts during
neuroblast delamination when the protein is first detected
in an apical stalk that extends into the overlying polarised
epithelium. Both this initial apical localisation as well as
the later formation of an apical Inscuteable crescent
require Bazooka [17,18]. The fact that Bazooka is already
apically localised in epithelial cells and is required for
epithelial polarity suggests that some aspects of epithelial
polarity are inherited in neuroblasts and lead to the initia-
tion of Inscuteable localisation. Although Pins was not
required for this initial step of Inscuteable localisation,
Inscuteable was progressively lost from the apical cortex
after delamination in pins mutants (Figure 5). Thus, two
distinct mechanisms can be distinguished for Inscuteable
localisation: an initiation phase which requires Bazooka
but not Pins, and a maintenance phase, in which Inscute-
able and Pins are interdependent for their asymmetric
localisation (summarised in Figure 6). Whether Bazooka
continues to be required for Inscuteable localisation after
delamination cannot be determined as conditional alleles
of bazooka are currently not available. Specific require-
ment of proteins for maintenance, but not for establish-
ment of polarity has also been demonstrated in epithelial
cells. While the establishment of epithelial polarity during
cellularisation requires Discs-lost [30], other proteins like
Crumbs are essential for maintaining but not for establish-
ing epithelial polarity [31].
We identified Pins from its ability to bind Insc-cen–β-gal
(which contains amino acids 252–615 of Inscuteable), but
not Insc-04–β-gal (which contains amino acids 436–552 of
Inscuteable) in vivo (Figure 1). Although Insc-cen–β-gal
was asymmetrically localised and could rescue Inscuteable
function, Insc-04–β-gal was localised in the cytoplasm and
non-functional [16]. Surprisingly, Pins could also bind Insc-
03–β-gal (which contains amino acids 302–459 of Inscute-
able), which localises to the cell cortex, but it neither
localised asymmetrically nor rescued Inscuteable function
[16]. Thus, interaction with Pins is not sufficient for
Inscuteable function, suggesting that binding to another
protein, possibly Bazooka, is required for Inscuteable to be
functional. Even though Insc-03–β-gal does not localise
asymmetrically in epithelial cells, the same protein
localises apically in cells that express endogenous, full-
length Inscuteable. Direct binding of this domain to full-
length Inscuteable could be a potential mechanism and has
been observed in vitro [16] but could not yet be detected
in vivo (M.S. and J.A.K., unpublished observations). The
identification of Pins provides an alternative explanation:
while binding to Pins is insufficient for asymmetric locali-
sation of Insc-03–β-gal, full-length Inscuteable recruits
Pins and the associated Insc-03 domain to the apical cortex.
Consistent with its binding to the membrane-localisation
domain, Pins was required for both asymmetric and cortical
localisation of Inscuteable. In contrast, Inscuteable was
required for asymmetric localisation of Pins, but not for its
localisation to the cell cortex. In epithelial cells, which do
not express Inscuteable, as well as in neuroblasts of inscute-
able mutant embryos, Pins was still localised to the cell
cortex. What directs membrane localisation of Pins? Pins
contains neither a predicted transmembrane domain nor a
motif that would suggest lipid modification. After overex-
pression, Pins was largely found in the cytoplasm (data not
shown), suggesting that cortical localisation can be satu-
rated and could be due to protein–protein interaction. Both
Gαi and Gαo are N-myristoylated [32] and, in Drosophila,
Gαo and Gαi are membrane-bound proteins [28,29].
Therefore, the interaction with Gαi/Gαo that we detected
could be responsible for localisation of Pins to the cell
cortex. Verification of this hypothesis will have to await a
mutational analysis of Gαi/Gαo.
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Figure 6
A model for the function of Bazooka and Pins in localisation of
Inscuteable. In epithelial cells, epithelial polarity and apical localisation
of Bazooka are dependent on each other ([19,20] and M. Petronczki
and J.A.K., unpublished observations). During neuroblast delamination,
Bazooka directs apical localisation of Inscuteable and Inscuteable
directs localisation of Pins. Pins is not required for Inscuteable
localisation at this stage (crossed-out arrow). In delaminated
neuroblasts, Inscuteable and Pins depend on each other for
asymmetric localisation (red arrow). Whether Bazooka is still required
for Inscuteable localisation in delaminated neuroblasts is not clear
(question mark).
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G-protein signalling and asymmetric cell division
In addition to Pins, we found a G-protein α subunit bound
to the Inscuteable asymmetry domain. Our data are con-
sistent with either Drosophila Gαo (Gα47A) [33,34] or Gαi
(Gα65A) [35] being complexed with Inscuteable. Both
proteins bound Pins in vitro (Figure 1e) and are expressed
in stage 10 embryos [36], even though expression levels of
Gαo are low during this stage. LGN, the vertebrate homo-
logue of Pins, has been identified on the basis of an inter-
action with both Gαi and Gαo in a yeast two-hybrid
screen [26,27]. Thus, both Gαi and Gαo could be in the
Inscuteable–Pins complex, and the definitive identifica-
tion of the binding partner of Pins in vivo will have to
await generation of specific antibodies.
Our data are consistent with a function for heterotrimeric
G proteins during asymmetric cell division in Drosophila.
Mutations in Gαo have been described [37] and show
nervous system defects. This phenotype has been attrib-
uted to defects in axon guidance, but an earlier defect
could be hidden because of maternal expression. In con-
trast, no Gαi mutants are available. Heterotrimeric G pro-
teins are implicated in transmitting signals from
seven-transmembrane receptors located in the plasma
membrane [38,39]. No evidence exists that would suggest
the involvement of extracellular signals in orienting neu-
roblast divisions, however. Numb is still correctly localised
in embryos carrying mutations that remove the overlying
ectodermal cells or the underlying mesodermal cells [4].
Furthermore, asymmetric localisation of Inscuteable
during metaphase and asymmetric cell division can occur
in cultured neuroblasts in the absence of any extracellular
signal [40]. Thus, if Gαi or Gαo proteins are involved in
orienting neuroblast divisions, their functions would have
to be non-essential or they would have to function in a
receptor-independent way.
Heterotrimeric G proteins have been implicated in cell
polarity in other organisms. Yeast cells polarise in
response to mating pheromones [41]. Pheromones are
recognised by seven-transmembrane receptors and lead
to the activation of Gpa1p, a G-protein α subunit. Upon
activation, the β subunit Ste4p is released and triggers
cell polarisation through the activation of the small
GTPase Cdc42p. A Drosophila homologue of cdc42 has
been identified [42], but a function in asymmetric cell
division has not been demonstrated. In Dictyostelium and
in leukocytes, extracellular chemoattractants orient cell
migration and asymmetric protein distribution through
heterotrimeric G proteins [43,44]. Although, in all these
cases, Gα proteins mediate cell polarisation in response to
extracellular responses, analysis of Gβ mutants has
recently suggested a more general function in orienting
cell division in C. elegans [45]. In early C. elegans embryos,
some cells (such as P1) divide cell autonomously using a
mark that is left behind from the previous cell division
[46,47] while others (such as EMS and E) divide in
response to extracellular signals. [48]. In early Gβ (gpb-1)
mutant embryos, spindle orientation becomes abnormal
in both P1 and EMS (and many other) cells, suggesting a
more general function for Gβ in orienting cell divisions.
None of the C. elegans Gα subunits causes a similar phe-
notype [49], however, suggesting partial redundancy
between Gα subunits. In addition to seven TPR repeats,
we found three GoLoco domains in the carboxy-terminal
half of Pins (Figure 2a,b). These domains are found in a
variety of proteins that bind Gαi/Gαo subunits [21].
Because they are present in the Pcp2 protein, which stim-
ulates the receptor-independent release of GDP from
Gαo [27], it has been suggested that these domains facili-
tate activation of Gα subunits by receptor-independent
guanine nucleotide exchange factor (GEF) activity [21].
It is intriguing to speculate that Inscuteable-mediated
asymmetric localisation of Pins polarises cells by receptor-
independent activation of a heterotrimeric G-protein sig-
nalling cascade at the apical neuroblast cortex. 
Note that a related publication describing the indepen-
dent identification of Pins in a two-hybrid screen
appeared while this paper was under revision [50].
Conclusions
Our data show that the TPR-protein Pins is a crucial com-
ponent of the molecular machinery that orients asymmetric
cell division in Drosophila neuroblasts. Pins and Inscute-
able are co-dependent for asymmetric localisation after
delamination from the ectoderm, and the absence of either
protein results in misorientation of neuroblast divisions and
defects in asymmetric segregation of Numb and Miranda
during mitosis. Pins contains three GoLoco domains,
which are thought to modulate activity of heterotrimeric
Gαi/Gαo subunits, and binds to Gαi/Gαo both in vivo and
in vitro. Further analysis will show whether Pins orients
asymmetric cell divisions by localising or locally modulat-
ing Gαi/Gαo proteins at the apical cell cortex.
Materials and methods
Immunoprecipitation, binding assays and preparative
SDS–PAGE
Immunoprecipitations were performed essentially as described before
[17], except that 500 µl packed embryos were used. Bound proteins
were separated by preparative SDS–PAGE on a 5–15% gradient gel
and visualised by staining with silver [23]. In vitro binding assays were
performed as described [16]. A MBP fusion of amino acids 48–658 of
Pins was used to detect binding to Pins.
Protein identification by mass spectrometry
Protein bands of interest were excised from the gel and digested in-gel
with trypsin (unmodified, sequencing grade, Boehringer Mannheim) as
described in [23]. Recovered tryptic peptides were sequenced by
nanoelectrospray tandem mass spectrometry (Nano ES MS/MS) as
described in [51] on a triple quadrupole instrument API III (PE Sciex).
Precursor ion scanning was applied to detect peptide peaks obscured
by chemical noise. The instrument was set to detect only ions, which
produce the characteristic m/z 86 fragment ion (immonium ion of
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leucine or isoleucine) upon collisional fragmentation. Tandem mass
spectra were acquired from selected peptide ions (indicated by filled
arrows in Figure 1b). Partial peptide sequence was determined by con-
sidering the precise mass difference between adjacent fragment ions
containing the carboxyl terminus of the peptide (y-ions). By combining
the masses of the fragment ions and the mass of the intact peptide, the
deduced sequence was assembled into a peptide sequence tag [52]
and used for database searching. For the 70 kDa band, database
searches hit the EST clone LD35569, and all six sequenced peptides
could be matched to the full-length Pins sequence (Figure 2a). The
protein was named Partner of Inscuteable in agreement with a group
that independently identified Pins (W. Chia, personal communication).
For the 40 kDa band, the peptide sequences LLLLGAGESGK and
LFDVGGQR were determined. These are consistent with both
Drosophila Gαo and Gαi, but not with any other known Drosophila
protein or EST. The pins cDNA sequence has been submitted to
GenBank (accession number AF242203).
Immunofluorescence and antibodies
Mouse anti-Pins antibodies were generated against a MBP fusion of
amino acids 48–658 of Pins following standard procedures. Pins anti-
bodies recognised a single band of approximately 70 kDa in extracts
from wild-type embryos and adult flies, but not from pins mutant flies
(Figure 5b). Immunofluorescence was performed essentially as
described [4]. For tubulin staining, embryos were dechorionated as
usual, permeabilised in heptane for 30 sec and fixed in methanol for
5 min. Primary antibodies were rabbit anti-Inscuteable [13] (1:1,000),
rabbit anti-β-galactosidase (Cappel, 1:5,000), mouse anti-β-tubulin
(Sigma, 1:300), rabbit anti-Miranda [10] (1:1,000), mouse-anti-Pins
(1:150) and rat anti-Bazooka [18] (1:300). Secondary antibodies conju-
gated to Alexa-488 or Alexa-568 (Molecular Probes) were used. DNA
was visualised by DAPI staining. Images were recorded on a Leica-TCS-
NT confocal microscope equipped with a Coherent-Vitesse pulsed-NIR-
laser to visualise DAPI by two-photon-excitation microscopy.
Generation of Pins mutants
The pins gene is contained on a sequenced BAC (AC019578, Celera
Genomics) which maps to the genomic region 98 A-B. EP(3)3559
was identified by sequence search (Berkeley Drosophila Genome
Project) and is located 700 bp upstream of the translation start. To
generate pins mutants, 300 revertants of EP(3)3559 were screened
by PCR for excision events that only removed the P element end ori-
ented towards the pins gene, but left the other end intact. Among
these, two homozygous viable deletions that remove the ATG of pins
are apparent protein nulls (Figure 5b). Phenotypic analysis of both
alleles was performed in embryos from pins mutant females and
yielded identical results in all experiments. The original P-element
insertion is homozygous viable and a database search revealed no
other gene between the P-element insertion and pins. Asymmetric
localisation of Inscuteable in metaphase neuroblasts could be restored
by injection of capped and poly-A-tailed full-length pins RNA into
pins∆50 mutant embryos, which was performed as described [53] (data
not shown). We therefore believe that the defects we observe in these
mutants are due to the lack of Pins function.
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